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Studics on the LASL Cadmium-Cadmium Carbonate Cycle*

C.F.V. Mason, M. G. Bowman, and R. G. Behrens

Los Alamos Scientific Laboratory,
Los Alamos, New Mexico 87545

The LASL Cadmium-Cadmium Carbonate Cyc]e(l) was first presented at the
I.E.A. Thermochemical Hydrogen Workshop in 1979.(2) The cycle can be

summarized as follows:

Cd(c) + H20(1) + C02(g)-——) CdC03(c) + H2(g) A H§98 = -68.3 kJ
Cdcoa(c)—é Cd0(c) + CO,(g) A HSgy = +98.5 K

Cdo(c)——> Cd(g) + 1/202(9) A l15gq = +367.6 kJ

Cd{g) —>cd(c) A M, = ~112.0 kd

298

H20(1)—-—)Hz(g) 4 1/202(9). A Hogg 7 +285.9 ki

The overall cycle has a figure of merit of 78% since the heat released by con-
densation of Cd, reaction (4), can be used for the thermal decomposition of
CdCO3, reaction (?).

The thermal decomposition of Cd0O, reaction (3), is bu]iovud(B‘d‘s) to be
a promising reaction four thermochemicai cycles which can be powered by a
solar heat source. A mass spectrometric investigation of the decomposition
equilibrium of CdO{c) confirmed that CdO(c) vaporizes according Lo
reaction (3) and that the literature thermodynamic data for reaction (3) is
correct.(b) However CdO(g) was not observed in the equilibrium vapor of
CdO(c) for temperatures up to 1150 K. This resull gives a revised lower

Timit for the enthalpy of formation of Cd0(q), AHY 113.8 ki mnlnl.

t,298 *
The Clausius-Clapeyron plot for Cd(q) and CdO(g) vapor pressures above Cdo(c)

is shown in Iig. 1. The upper Hmit for equilibrium pressure of Cd0o(q)

Tork periormied under the auspices of the U.5. Departient o bnerqy, 0Fice
of Basic Fnery: Sciences, Division of Chemical Seiences,,



1s seen to be at least a factor of 15 lower than previously estimated at
1428 K. Therefore recombination between Cd(g) and Oz(g) is less than pre-
viously believed. However, recombination between Cd(c) and Oz(g) may sti]i
be significant.

The low temperature H, producing step, reaction (1), was extensively
studied.(7) A surface reaction occurs with very slow H2 evolution. The
rate of'H2 evolution is dependent on the size of the Cd particles. Vhen
reaction conditions are he]d constant, (523 K, unstirred, 186 h, excéss
CO2 and water) the H2 evolved inéreases to 14% from 4% when the Cd particle
size decreases to 9 ym from 20 ym.

Ammorium chloride was found to exhibit a marked cataiytic cffect(y)
on reaction (1) as /2% of the available H, was formed in 1/2 h at 523 K
using four-fuld excess of NH4C1, nine-fold excess of water, and three-fold
excess of C02. A proposed catalytic mechanism can be described by:

2NH4C'I —)Z'NII.1 + 2HC]
Cd + 2HC ——)CdC'l2 + H?

CdC]2 + ZNH3 + CO2 + H20 —----)CdCO3 + 2 NH401
Cd + CO2 + H20 -—-)CdC03 + H2

Although NH4C1 catalyses reaction (1) excess amounts of catalyst and
part.al formation of Cd(NHa)?C]? are possible problems. Therefore a search
was made for catalysts with fewer potential side reactions. Results of this
scarch are given in Table 1. Palladium 1s scen to be the most effective cat-

alyst of those investligaled.

A kinctic investigation was carried out using Pd.  The results are shown
in Hg. 2 torgether with resulls from an uncatalysed experiment.  Analysis of
the data shown In Fig. 2 indicates that initial H? production follows an

apparent first-order rate law and gives a rate-constant of 0.04 W for the



uncatalysed reaction and 0.20 h]

for the catalysed reaction. For the
catalysed reaction departure from first order kinetics occurs soon after
the start of the reaction. For the uncatalyzed reaction, the kinetics ex-
hibit a parabolic rate 1aw,(8) x2 = kt, where x is the thickness of the pro-
duct CdCO3 layer (or amount of H2 procduction), t is the time and k is a con-
stant. This indicates that the reaction is diffusion controlled cue to the
formation of CdCO3 around the Cd particles. The catalysed reactioﬁ did not
appear to follow any simple rate law after departure from first-order kinetics,
showing it is not diffusion controlled.

In an attempt to understand the mechanism of catalysis, . variety of
soluble salts were tested for catalytic activity, and these are listed in
Table 2.

PdC]2 showed lower activity than Pd black but was investigated to show
the catalytic behavior of a soluble Pd salt. However, when used in the pres-
ence of CuC]z, the amount of H2 produced was similar to the awount formed using
Pd black as a catalyst. CuCl2 was used as a catalyst as it is known to be a

(9)

decarboxylci.fon catalyst. CuC]2 actually caused a reduction in H2 when used
with Pd black, possibly duc to the formation of CdC]2 which was Tound as a
product in all cases when CuCl2 was used,

No clear catalytic mechanism was demonstrated by these studies. The cata-
lytic activity exhibited hy'thc catalysls iavesticated was still inlerior
to Lhat exhibited by NH”C1. Nevertheless, the possibility of grester catalytic
activity by an, as yct unidentificd, agent cannol be ruled out.

The problem of drying (Id(:(l3 (which is insotuble in water) prior to its
thermal decomposition was briefly addressed.  Figure 3 shows drying curves
for CdC03 at various temperatures. L‘d(l()J was slurcied with water, tiltered,

and aspivated for 10 min, weighed and driced.  The solid vesidue was found

Lo be anhydrous Cd(l()3 as determined by its x-ray powder di “fraction patlern,



Most of the water is removed by filtration prior to drying leaving beliind
4 to 5 moles of water per mole of CdCO3. Subsequent removal of this water
is energetically cxpensive but compares favorably with the drying require-
ments of most other cycles currently under considerafion.

In conclusion, we can summarize the results obtained:

1. A new lower limit for the heat of formation of Cd0(g) has been

: 0 "]
estimated AHf,zga > 113.8 kJ mol .

2. Hydrogen production is subject to catalysis. While Pd is an effective
catalyst, NH4C1 shows great:r catalytic activity. Seventy-two percent of the
total available Hziis form: . in 1/2 h at 523 K using quél as a catalyst.

3. Four to five moles of water must be removed from CdCO3 prior Lo

its thermal decomposition.
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Fij. 1. Clausius - Clapeyron plot for Cd(q) and
Cd0{g) vapor pressures above CdO(c).

Table 1. Effect 0; various catalysts on H? production. 9um Cd, 3h, 448 K, cu? -
8.721x107%mols HoC = 22.2%10-2, :

Cd H,

x 1073 m Catayst Mole Cat/Mole d mol Hole H,/Mole Cd
759 Pt, 325 mosh 0.15 PETRIE 0

7.66 Pd black 0.11 1.4y x 1077 0.19

7.53 Ru 0.14 2.9 x 107" 0.0

7.85 Rh powder 0.10 w23 1077 0

1.6 Ir powdoer 0.71 1.0 x 107" 0.01
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Table 2.
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Fig. 2. H, produced SS a function of time. (Sm
"2 mo

cd 6.6 x 10

le, Hp0 22.7 x 1072 mole,

cn, 8.21 x 10°¢ mole, 448 K).

2
@uncatalysed

RAPd black catalysed

Effect of various catalysts on H2 production,

9 ym Cd, 18 h, 448 K, €0

2

mol. cat./ mol. Cd = 0.1

Cd3
mol.
8.23
8.07
#.42
7.66
8.40

6.55

..”

_32
catalyst 10 ~ mol.
Pd black 4.81
PdC12 .27
PdClR.CuClz 4.6%
Cu()l2 ].25
Pd Hlack, CuC]P 3.75

e - - - 0.68

= 8.21 x 10°% mol. H,

)
9 ¥ 22.2 x 10°“ mol.

n_!npj_flzn§fy.-Fc{ o

0.58
0.28
0.55
0.16
0.4%
0.10
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Fig. 3. Drying curves for cadmium carbenate as a
function of temperature.



